Cell division with partitioning of the genetic material should take place only when paired chromosomes named bivalents (meiosis I) or sister chromatids (mitosis and meiosis II) are correctly attached to the bipolar spindle in a tension-generating manner. For this to happen, the spindle assembly checkpoint (SAC) checks whether unattached kinetochores are present, in which case anaphase onset is delayed to permit further establishment of attachments. Additionally, microtubules are stabilized when they are attached and under tension. In mitosis, attachments not under tension activate the so-named error correction pathway depending on Aurora B kinase substrate phosphorylation. This leads to microtubule detachments, which in turn activates the SAC [1] [2] [3] . Meiotic divisions in mammalian oocytes are highly error prone, with severe consequences for fertility and health of the offspring [4, 5] . Correct attachment of chromosomes in meiosis I leads to the generation of stretched bivalents, but-unlike mitosis-not to tension between sister kinetochores, which co-orient. Here, we set out to address whether reduction of tension applied by the spindle on bioriented bivalents activates error correction and, as a consequence, the SAC. Treatment of oocytes in late prometaphase I with Eg5 kinesin inhibitor affects spindle tension, but not attachments, as we show here using an optimized protocol for confocal imaging. After Eg5 inhibition, bivalents are correctly aligned but less stretched, and as a result, Aurora-B/C-dependent error correction with microtubule detachment takes place. This loss of attachments leads to SAC activation. Crucially, SAC activation itself does not require Aurora B/C kinase activity in oocytes.
SUMMARY
Cell division with partitioning of the genetic material should take place only when paired chromosomes named bivalents (meiosis I) or sister chromatids (mitosis and meiosis II) are correctly attached to the bipolar spindle in a tension-generating manner. For this to happen, the spindle assembly checkpoint (SAC) checks whether unattached kinetochores are present, in which case anaphase onset is delayed to permit further establishment of attachments. Additionally, microtubules are stabilized when they are attached and under tension. In mitosis, attachments not under tension activate the so-named error correction pathway depending on Aurora B kinase substrate phosphorylation. This leads to microtubule detachments, which in turn activates the SAC [1] [2] [3] . Meiotic divisions in mammalian oocytes are highly error prone, with severe consequences for fertility and health of the offspring [4, 5] . Correct attachment of chromosomes in meiosis I leads to the generation of stretched bivalents, but-unlike mitosis-not to tension between sister kinetochores, which co-orient. Here, we set out to address whether reduction of tension applied by the spindle on bioriented bivalents activates error correction and, as a consequence, the SAC. Treatment of oocytes in late prometaphase I with Eg5 kinesin inhibitor affects spindle tension, but not attachments, as we show here using an optimized protocol for confocal imaging. After Eg5 inhibition, bivalents are correctly aligned but less stretched, and as a result, Aurora-B/C-dependent error correction with microtubule detachment takes place. This loss of attachments leads to SAC activation. Crucially, SAC activation itself does not require Aurora B/C kinase activity in oocytes.
RESULTS
Whether attachment errors of mono-oriented kinetochore pairs that do not generate stretched bivalents are recognized by Aurora-B-dependent error correction in meiosis I was unknown. Aurora B and the closely related meiotic Aurora C kinase detach even correctly attached microtubule fibers during prometaphase of meiosis I [6] , giving rise to the attachment and detachment cycles observed on kinetochore pairs by live imaging [7] . Therefore, it was proposed that error correction has to be turned off progressively as oocytes continue from prometaphase into metaphase I to allow establishment of stable end-on attachments [6] . Given the importance of Aurora-B-dependent error correction for fidelity of the mitotic cell division [8] and the high error rate of meiosis I in oocytes [4, 5] , we decided to clarify a potential role for Aurora B/C and error correction in mouse oocyte metaphase I.
We tested different drugs that have been used in mitosis to reduce tension to study error correction and subsequent spindle assembly checkpoint (SAC) activation (see [2, 9] for excellent reviews on SAC activation and tension in mitosis) in mouse oocytes. Our aim was to create a situation where bivalents are correctly attached, but under less stretch, in late prometaphase I ( Figure S1A ). The SAC protein Mad2 is recruited to unattached kinetochores early in prometaphase, and most Mad2 staining disappears by 4 hr after germinal vesicle breakdown (GVBD), when stable attachments are formed [7, 10, 11] . Anaphase I takes place 7-9 hr after GVBD in the mouse strain we are using here. Oocytes were exposed to increasing concentrations of Taxol, Monastrol, or STLC (s-trityl-l-cysteine) 5 hr after GVBD-when bivalents are attached and aligned-for 1 hr. Taxol leads to the hyperstabilization of microtubule fibers, which reduces pulling forces on kinetochores [12] . Monastrol [13, 14] and STLC [15] [16] [17] are inhibitors of the kinesin Eg5, which crosslinks anti-parallel microtubules [18] . Before fixation in metaphase I, oocytes were subjected to a short cold treatment to visualize only stable fibers, such as those attached to kinetochores [19] . In Taxol-treated oocytes, hyperstabilization of microtubule fibers was observed at all concentrations tested ( Figure S1B ), interfering with proper examination of kinetochore-attachment status, such as described below. As Whole-mount immunofluorescence staining of cold-treated spindles from oocytes fixed 6 hr after GVBD. Microtubules were stained with anti-Tubulin antibody (green), kinetochores with CREST (red), and chromosomes with Hoechst (blue). Where indicated, oocytes were treated 5 hr after GVBD with STLC (0.75 mM; A and B) or with Taxol (1 mM; C). (A) Overlays of z sections covering the whole volume of the spindle (15-25 mm) are shown. The scale bar represents 5 mm. Any chromosome that was at least partially in the quarter of the whole spindle closer to the pole region was scored as unaligned. The relative frequency of well-aligned (0 unaligned chromosomes), mild alignment defects (1 or 2 unaligned chromosomes), and strong alignment defects (3 or more unaligned chromosomes; none detected) per oocyte is shown (n, number of oocytes). Three independent experiments involving a total of at least three mice have been performed. expected, high concentrations of Monastrol and STLC resulted in collapsed monopolar spindles. Lower concentrations of both drugs allowed oocytes to maintain bipolar spindles with stable microtubule fibers ( Figure S1B ). Compared to Monastrol, treatment with STLC resulted in highly reproducible changes in spindle morphology at different concentrations; therefore, we used STLC for subsequent experiments and confirmed results with Taxol where indicated.
Bivalents that are not attached to both poles cannot be maintained at the metaphase plate and move toward the poles, a phenotype observed in oocytes that are defective in stabilizing kinetochore fibers, such as oocytes devoid of BubR1 [19] [20] [21] . Addition of low concentrations of STLC in late prometaphase did not perturb alignment of bivalents, indicating that bivalents were still attached to the bipolar spindle ( Figure 1A ). Spindles did not show any obvious defects, apart from being significantly shorter than spindles of untreated oocytes. Importantly, bivalents were under less stretch, as determined by measuring the distance between pairs of sister kinetochores from each bivalent in the number of oocytes indicated ( Figure 1B ). Similar phenotypes (chromosomes aligned and decreased interkinetochore distances) were observed with low doses of Taxol ( Figure 1C ).
To address whether error correction takes place in STLCtreated oocytes, we characterized kinetochore-microtubule attachments with optimized confocal image acquisitions followed by deconvolution [22] . Kinetochore pairs of cold-treated oocytes with or without STLC treatment were analyzed, and the percentage of end-on correct amphitelic, merotelic (mono-oriented sister kinetochores attached to both poles), and lateral interactions (kinetochores interact with the lateral side of the microtubule) was determined (Figures 2A and S2A ). All kinetochores were interacting with microtubules in STLC-treated oocytes, as well as in control oocytes, but the frequency of merotelic attachments and lateral interactions increased from 3.5% in controls to more than 20% (Figures 2A, 2B , and S2B). STLC-treated oocytes harbored additionally interpolar fibers ( Figure 2B ). In short, bivalents were under less stretch in the presence of STLC, and a significant fraction of kinetochores formed merotelic or lateral interactions with microtubule fibers. In human somatic cells, Aurora B kinase activity allows establishment of lateral interactions when end-on attachments are destabilized [23] . Lateral interactions we observed in STLC-treated oocytes may therefore indicate ongoing error correction. Alternatively though, STLC treatment itself may lead to loss of end-on amphitelic attachments.
If ongoing error correction and not STLC treatment itself was the reason for the presence of aberrant attachments/interactions, inhibition of error correction by inhibiting Aurora B/C kinase should revert the phenotype. To inhibit Aurora B/C kinase, we used the drug ZM447439, which mimics loss of both Aurora B and C in oocytes [24] with accelerated anaphase I onset, defects in cytokinesis, and a failure to extrude polar bodies (PBs). We controlled for efficient inhibition of Aurora B/C kinase by staining for Histone H3 phosphorylation on serine 28, a prominent substrate of Aurora B/C, which becomes phosphorylated at GVBD [6] ( Figure S3A ). We also ruled out the concomitant inhibition of Aurora A by staining for phosphorylated threonine 288, a readout of active Aurora A in oocytes [25] ( Figure S3B ). Even though ZM447439 does not allow us to distinguish between Aurora B and C, it can be used to inhibit both kinases in oocytes.
To inhibit error correction in STLC-treated oocytes, we added ZM447439 prior to STLC treatment and visualized cold-stable microtubule fibers. Indeed, the ratio of merotelic attachments/ lateral interactions dropped to a value around 6%, similar to controls (Figures 2A, S2A , and S2B). Overlays of whole spindles showed stable end-on attachments in control and ZM447439-STLC-treated oocytes ( Figure 2B ). This indicates that without Aurora B/C, STLC-treated oocytes maintain end-on attachments comparable to untreated oocytes. We conclude that aberrant attachments observed in STLC are due to ongoing error correction by Aurora B/C and not STLC treatment per se.
Aurora-B-dependent phosphorylation of several kinetochore substrates is required for error correction [8] . We analyzed Aurora-B/C-dependent phosphorylation of Hec1 on S55 with a phospho-specific antibody [26] to determine whether ongoing error correction occurred in STLC-treated oocytes. An increase in Hec1 phosphorylation was observed upon STLC treatment, in accordance with kinetochores undergoing error correction. Crucially, this increase was dependent on Aurora B/C ( Figure 2C ).
Next we asked whether ongoing error correction had an effect on cell-cycle progression in oocytes. Error correction activates the SAC in mitosis, presumably because unattached kinetochores are created. Lateral interactions that occur upon error correction [27] do not satisfy the SAC in mammalian somatic cells [28] . When the SAC is active, checkpoint proteins, such as Mad2, are recruited to unattached kinetochores to prevent anaphase promoting complex/cyclosome (APC)/C-dependent ubiquitination and therefore proteasome-dependent degradation of Cyclin B1 and Securin and anaphase onset [29] . The meiotic SAC is less stringent than in mitosis, inducing a cellcycle arrest only in the presence of several unattached kinetochores [4] . Hence, we were wondering whether ongoing error correction in oocytes created a signal strong enough for a detectable SAC-dependent cell-cycle delay. Because loss of Aurora B/C leads to cytokinesis defects [24] , we used degradation of exogenously expressed YFP-tagged Securin (and not anaphase onset and PB extrusion) as a readout for SAC inactivation in live oocytes [30] .
Securin-YFP was stabilized for several hours in STLC-treated oocytes, indicating that the SAC was indeed activated (Figure 3A) . Accordingly, Mad2 was recruited to kinetochores at low levels upon STLC treatment ( Figure 3B ). If the delay in 
(legend continued on next page)
Securin-YFP degradation upon STLC treatment was indeed due to SAC activation, concomitantly inhibiting SAC function should abolish the delay. We added the well-characterized drug Reversine to inhibit the essential SAC kinase Mps1 [19, 31, 32] and effectively rescued Securin-YFP degradation in STLC-treated oocytes ( Figure 3A) . A SAC response was also observed in Taxol-treated oocytes, albeit only within a very small window of Taxol concentration, probably because there was either not enough Taxol to reduce stretch or too much, which led to such a hyperstabilization of microtubule fibers that they could not be destabilized by Aurora B/C anymore, similar to what has been suggested in mitosis [33] ( Figure S4A ). If ongoing error correction was creating unattached kinetochores that activate the SAC, inhibition of Aurora B/C with ZM447439 should abrogate SAC response in STLC-treated oocytes. This was indeed the case, and the STLC-induced delay in Securin-YFP degradation and Mad2 recruitment did not occur in ZM447439-treated oocytes ( Figures 3B and 3C ). Securin-YFP degradation took place slightly earlier in oocytes without Aurora B/C activity than in controls ( Figure 3B ). We addressed the possibility that accelerated progression through meiosis I may have resulted in loss of Mad2 from kinetochores. ZM447439-treated oocytes were maintained in metaphase I by inhibiting proteasome-dependent degradation of Cyclin B1 and Securin with MG132 [34] . Again, Mad2 was recruited to kinetochores in response to STLC in an Aurora-B/C-dependent manner ( Figure S4B ). These results indicate that less stretched bivalents activate Aurora-B/C-dependent error correction. Transient microtubule detachment and formation of lateral interactions may then lead to SAC activation. Alternatively though, Aurora B/C may be required for a functional SAC and SAC activation in STLC-treated oocytes may take place independently of error correction.
To distinguish between these two possibilities, we asked whether SAC response per se requires Aurora B/C kinase activity in oocytes. Whether Aurora B is essential for initial SAC activation is still controversial, and Aurora B kinase activity plays a role in prolonged SAC arrest in mitosis [35] [36] [37] [38] . As shown before [11, 39] , treatment of oocytes in late prometaphase, when bivalents are stably attached and under stretch, with low doses of the spindle-depolymerizing drug nocodazole, led to a cell-cycle delay. Stabilization of Securin-YFP and strong recruitment of Mad2 to kinetochores was observed ( Figures 4A and 4B) . To address whether Aurora B/C kinase is required for this SAC response, we added ZM447439 before treating oocytes with nocodazole and checked for Securin-YFP degradation. Importantly, inhibiting Aurora B/C did not suppress SAC response to nocodazole ( Figure 4A ). We considered the possibility that Aurora B/C was not completely inhibited at the time we added nocodazole, even though this was unlikely, given the fact that the same treatment interfered with error correction and a SAC-mediated delay in STLC-treated oocytes (Figures 3A-3C ). But SAC response was efficient also upon longer exposure to ZM447439 prior to nocodazole addition ( Figure S4C ). Hence, unattached kinetochores delay Securin-YFP degradation in an Aurora-B/C-independent manner. Accordingly, strong recruitment of Mad2 to kinetochores was observed upon addition of nocodazole, independently of whether Aurora B/C was active ( Figure 4B ) and also independently of MG132-induced metaphase I arrest ( Figure S4D ). Nevertheless, SAC-dependent stabilization of Securin-YFP was less robust in the presence of ZM447439, suggesting that Aurora B/C is indeed required for maintaining prolonged SAC arrest, probably by preventing removal of SAC proteins, such as suggested in mitosis [36, 40] ( Figure 4A ). We conclude that Aurora B/C kinase activity is not essential for SAC activation in oocytes. Importantly, these results strongly suggest that missing bivalent stretch leads to the activation of error correction, and this indirectly leads to SAC activation and the observed cell-cycle delay.
DISCUSSION
We have established conditions to study response to correctly aligned and attached bivalents, which are not under tension and therefore not stretched, in oocytes. We show that Aurora B/C plays an important role in detecting whether bivalents are stretched in late prometaphase. Significant improvements in microtubule visualization by confocal microscopy [22] and high temporal resolution of meiotic maturation allowed us to detect error correction after end-on attachments have been formed in late prometaphase. Our data fit with the recent model in mitosis that the SAC per se is satisfied by attachments and not tension applied on kinetochores [2] [3] [4] [41] [42] [43] [44] . We propose that, in oocytes, Aurora B/C's role is essential for destabilization of microtubule fibers that do not generate stretched bivalents to activate the SAC ( Figure 4C ). Therefore, even though in early meiosis Aurora B/C seemingly indiscriminately destabilizes all attachments [6] , Aurora B/C becomes important as oocytes progress into metaphase to detect bivalents that are less stretched. Inhibition of Aurora B/C activity early in meiosis may indeed help oocytes establish stable attachments earlier [6] , but we propose that Aurora B/C function is still important in late prometaphase for detecting tensionless attachments. (B) Whole-mount immunofluorescence staining of cold-treated spindles from oocytes fixed at 6 hr after GVBD. Spindles were imaged with a confocal microscope using a workflow enabling near-super-resolution pictures. Microtubule fibers were stained with anti-Tubulin antibody (green), kinetochores with CREST (red), and chromosomes with Hoechst (blue). Representative images of oocytes analyzed in (A) are shown as 3D reconstructions. n, number of oocytes; three independent experiments involving a total of at least six mice have been performed. The scale bar represents 5 mm. A) Oocytes were injected with Securin-YFP encoding mRNA at GV stage. Securin-YFP signal intensity was monitored by time-lapse fluorescence imaging and normalized to the highest value for each oocyte. Mean and SD of the population are plotted in arbitrary units (a.u.) against time. As indicated in the scheme on the right, oocytes were treated with STLC (0.75 mM) at 5 hr after GVBD and with Reversine (0.5 mM) at 5.5 hr after GVBD. n, number of oocytes. At least two independent experiments involving a total of at least six mice have been performed. (B) Chromosome spreads of metaphase I oocytes. Oocytes were treated with the drug ZM447439 (10 mM) 15 min prior to STLC treatment (0.75 mM) at 5 hr after GVBD, where indicated, as shown on the scheme on the right. Chromosomes were stained with Hoechst (blue), CREST (green), and anti-Mad2 (red) antibodies. The scale bar represents 5 mm. n, number of oocytes. On the right, the distribution of Mad2 signal intensity relative to CREST is shown. The values corresponding to all kinetochores measured are displayed (n, number of kinetochores). Statistical analysis was performed on the mean value calculated for each oocyte from three independent experiments involving a total of at least six mice. Mean and SD of the whole population are shown. p values were calculated with two-tailed unpaired Student's t test (not significant [ns] p value > 0.05; ***p value < 0.0001). (C) Oocytes were injected with Securin-YFP encoding mRNA at GV stage as described in (A). As indicated on the scheme in (B), oocytes were treated with ZM447439 (10 mM) 4 hr 45 min after GVBD and with STLC (0.75 mM) 5 hr after GVBD. n, number of oocytes. Four independent experiments involving a total of at least eight mice have been performed. (A) As indicated on the scheme on the right, oocytes were injected at GV stage with Securin-YFP encoding mRNA and treated with the drug ZM447439 (10 mM) at 4 hr 45 min after GVBD, prior to nocodazole treatment (400 nM) at 5 hr after GVBD. YFP signal intensity was monitored by time-lapse fluorescence imaging and normalized to the highest value for each oocyte. n, number of oocytes. Mean and SD of the population are plotted in a.u. against time. Two independent experiments involving a total of at least four mice have been performed.
(legend continued on next page)
Aurora B/C substrate phosphorylation decreases independently of bivalent stretching during progression through prometaphase I [6] . This was proposed to be mediated by increasing PP2A recruitment to kinetochores where it may counteract Aurora B/C [6] . Nevertheless, phosphorylation of two known Aurora B/C substrates, Hec1 and Knl1, remains high throughout oocyte meiotic maturation, even when bivalents are correctly attached [6, 45] . Inhibition of Aurora B/C does not lead to complete loss of Hec1 and Knl1 phosphorylation (this study and [6] ) and suggests that PP2A activity to counterbalance Aurora B/C substrate phosphorylation is not very efficient in oocytes. In mitosis, BubR1-dependent recruitment of PP2A counterbalances Aurora B/C phosphorylation to allow establishment of microtubule-kinetochore interactions [46] [47] [48] . It will be important to determine whether there is a fraction of PP2A localized in the kinetochore region that is required for stabilization of kinetochore fibers and to distinguish it from PP2A in the centromere region that brings about protection of cohesin in meiosis I [49] . Intriguingly, we have previously found that stabilization of microtubule-kinetochore interactions does not require BubR1 kinetochore localization in oocytes, suggesting that error correction is shut off by means other than PP2A kinetochore recruitment through BubR1 [19] . Indeed, merotelic attachments are also observed in oocytes devoid of PP2A [45] , indicating that Aurora B/C activity does not prevent the establishment of new attachments in oocyte meiosis. We hypothesize that a distinct, meiosis-specific mechanism to counteract Aurora B/C activity in the cytoplasm and not at kinetochores may permit establishment of end-on merotelic attachments during error correction.
In conclusion, we show here for the first time that tensionless bivalents induce error correction in meiosis. Future work will address the physiological significance of error correction to prevent aneuploidies in mammalian oocytes and the relevance of our results for error correction and SAC control in mitotic cells.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: (Cityfluor) mounting medium was used for all immunofluorescence stainings, except for the high-resolution acquisitions in which case AF was supplemented with 83% (w/w) of Methyl phenyl sulfoxid (Sigma-Aldrich) in order to match a refractive index of 1.518.
Image acquisition
Images of chromosome spreads and whole mount oocytes were acquired on a Zeiss spinning disk confocal microscope, using a 100X (1.4 Oil) objective coupled to an EMCCD camera (Evolve 512, Photometrics). 10 z sections of 0.4 mm were taken for spreads, and 20-25 z sections of 1 mm for whole mount oocytes. High-resolution kinetochore attachment acquisitions were performed on a Leica TCS SP5-II, using a Leica 63x oil immersion objective (HCX Plan AOI CS, 1.4 NA). 150-300 z sections of 80nm were taken for acquisitions; the scanning speed was 400 Hz, with a pinhole aperture adjusted to 1 Airy unit or 0.6 Airy unit; immersion oil with a refractive index of 1.518 has been used; raw pictures were then deconvoluted with Huygens 3.7 software using the Point Spread Function (PSF) from fluorescent beads of 100nm. For detailed description of the optimized workflow see [22] . 3-D reconstitutions of whole mount oocytes in Figure 2B were obtained using Arivis 4D, all other stacks were assembled in ImageJ.
QUANTIFICATION AND STATISTICAL ANALYSIS
Quantification of fluorescence signal For quantification of fluorescence signals at kinetochores (Mad2 and Hec1pS55), fluorescence intensity was calculated as follows: for each kinetochore, a 10 3 10 pixels square was manually placed at the middle of the kinetochore structure detected with the CREST signal. Another 10 3 10 pixels square was placed adjacent to the first square to measure the background signal. Mean values for each channel were measured and the background was substracted. Signal intensities were normalized to the CREST signal from the same kinetochore. For Aurora A pT288 and Histone H3 pS28 signal quantification, mean intensity was measured in each oocyte in a circle of 380 pixels including the two pools of staining present at both poles of the spindle for Aurora A pT288 or including all the chromosomes for H3 pS28. The average of the background measured in 3 circles of 180 pixels was calculated and the mean intensity was then substracted. All measurements were performed on maximum intensity Z-projections of stacks of the original, untreated acquisitions. For Securin-YFP quantifications, a square of 100 3 100 pixels was manually placed in the center of the oocyte, and for each condition, the average background signal was calculated from two 100 3 100 pixel squares. For each time point, the YFP-signal was measured, and the average background signal was substracted. For each oocyte, values were normalized relative to the highest value of the time-lapse. Measurements were performed with ImageJ software.
Meiotic spindle measurements
For spindle length measurements as well as high-resolution acquisitions, only oocytes in which the spindle was parallel to the confocal plane were analyzed. Metaphase I spindle length was measured on maximum intensity Z-projections of stacks using ImageJ line tool.
Statistical analysis
Statistical analysis was performed using Graphpad Prism 6 software. Graphs were generated using GraphPad Prism software. Student's t tests were performed on unpaired data and were two-tailed (ns: not significant, * p < 0.05, ** p < 0.001, *** p < 0.0001). Error bars indicate means ± standard deviation unless otherwise specified. Sample size and statistical tests are indicated within the figures and figure legends. Selection of oocytes for different conditions was at random. The number of independent replicates (at least two) and the number of mice involved is indicated for each Figure. n designates the number of oocytes used, except in Figures S4B and  S4D , and the graph in Figures 2C, 3B , and 4B, where n designated the number of kinetochore pairs analyzed. No statistical analysis was used to determine sample size. Collection and analysis of the data were not performed blind to the conditions of the experiments, no data from experiments were excluded from analysis.
